Background-Transfer RNA (tRNA) gene predictions are complicated by challenges such as structural variation, limited sequence conservation and the presence of highly reiterated short interspersed sequences (SINEs) that originally derived from tRNA genes or tRNA-like transcription units. Annotation of "tRNA genes" in sequenced genomes generally have not been accompanied by experimental verification of the expression status of predicted sequences.
flanking sequences, as well as their intron sequences, when present. Introns are found in tRNAs in bacteria, archaea and eukarya, although the structure of the intron and the splicing process is specific to the domain of life. 4 In yeast, where the expression of individual gene copies has been verified, the tRNA genes' flanking sequences and introns are not as tightly conserved as the mature coding regions, consistent with greater selection pressure for retaining the mature domains of the tRNAs intact.
The expression of tRNAs has only been thoroughly studied in a few bacterial, archaeal and eukaryotic species. In eukaryotes, the synthesis, processing and utilization of tRNAs has been most extensively studied in the budding yeast, Saccharomyces cerevisiae. These studies have yielded important information on tRNA synthesis by RNA polymerase III (pol III), posttranscriptional modifications, RNA transport and gene organization, but there is a general lack of information on tRNA genes in mammalian genomes. For example, in mouse there are only 11 tRNA sequences verified as expressed in the tRNA database. 2 Although there is a database of tRNA genes predicted by tRNAscan-SE available, so far there has been little confirmation of the predictive power of tRNA scanning programs in the mammalian genome. 3 This is an especially difficult analysis in most vertebrate genomes since they contain many tRNA-derived short interspersed elements, or SINEs. 5 Recent work from the Pan lab using microarray analysis confirmed the expression of expressed tRNAs that correspond to 374 predicted human tRNA genes, as identified by tRNAscan-SE. 6, 7 In an effort to comprehensively identify mouse tRNAs, we used two tRNA scanning programs, the commonly used tRNAscan-SE and more recently developed ARAGORN, to predict the probable tRNA genes in the mouse genome. 3, 8, 9 tRNAscan-SE employs both heuristic algorithms and covariance models and is used extensively as the definitive tRNA gene identification program. Initial tRNA gene candidates are first identified by either tRNAscan, identifying the A and B box promoters and cloverleaf structure, or the Pavesi algorithm, identifying tRNAs on promoter and terminator sequences independent of a predicted secondary structure. 10, 11 tRNAscan-SE feeds the initial predictions into a third program that ranks the prediction based on a covariance model. 12 ARAGORN identifies candidate tRNA genes with a heuristic algorithm exclusively, identifying portions of the B box sequence and then attempting to construct a cloverleaf with the neighboring sequences. In each case, the features common to all tRNAs are the characteristic "cloverleaf" secondary structures and very limited patches of sequence conservation, termed the A box and B box, used as common recognition elements in both the transcription of the genes and structural and recognition elements in the tRNA transcripts.
The predictions from scanning the Mus musculus genome with tRNAscan-SE and ARAGORN were strikingly different, although there was significant overlap. 9 After combining the predictions and removing known SINE sequences, we sorted the genes into families and singlyoccurring ("orphan") genes based on sequence similarity, and we experimentally verified expression of the predicted gene families. Mouse RNA from embryos and several tissues was hybridized onto a custom microarray with oligonucleotide probes tiled against each of the tRNA gene families and orphan tRNA genes to test expression. We also confirmed the expression of the tRNA families by northern blot, especially focusing on whether pre-tRNAs the size of those predicted for intron-containing genes were expressed. The results show that all of the predicted families and several orphan tRNA genes are expressed in all tissues tested.
Results and Discussion
Scanning the mouse genome for predicted tRNA genes
In an attempt to predict the functional tRNA genes in mouse, both tRNAscan-SE and ARAGORN were used to scan the May 2004 release of the Mus musculus genome (Fig. 1) .
tRNAscan-SE identified 3,161 putative tRNA genes and ARAGORN predicted 633 genes. Comparing the two sets, 460 of the putative tRNA genes identified by ARAGORN were also identified by tRNAscan-SE. Both programs identified all 11 of the verified mouse tRNA gene sequences and tRNA genes corresponding to all anticodons (Fig. 2) . However, a large number of genes were predicted by only one of the programs, either tRNAscan-SE or ARAGORN, so we focused on removing potential artifacts from the set of tRNA gene predictions. The predicted tRNA genes were named in accordance with the tRNA naming convention established in yeast tX(anticodon)Y. X corresponds with the single character abbreviation for the encoded amino acid. Next, the anticodon is shown parenthetically. Y corresponds to the one letter designation of the chromosome where the gene is located (A for chromosome 1, B for chromosome 2, etc.), and a number follows if there are multiple tRNA genes with the same anticodon on an individual chromosome.
Removing SINE elements from the predicted tRNA genes
One of the anticipated problems in this study was the abundance and variety of tRNA-derived SINE elements. tRNAscan-SE employs a scoring system to identify tRNA genes with predefined cut off levels to distinguish a `real gene' versus a pseudogene. tRNAscan-SE identified 22,027 sequences as pseudogenes, sequences that shared some features with tRNA genes but scored too low to be considered an actual tRNA gene. ARAGORN does not identify weak scoring sequences as pseudogenes. Examination of the pseudogene sequences identified by tRNAscan-SE revealed many to be similar to the B2 SINE consensus sequence. These pseudogenes were not considered in the rest of the analysis.
Given the high number of B2 SINEs identified as pseudo-tRNA genes by ARAGORN and to determine if any B2 SINEs were classified as tRNA genes, we used the B2 consensus sequence and ran a BLAST search against tRNA genes predicted by both tRNAscan-SE and ARAGORN. 13 We used the entire B2 consensus sequence, both upstream and downstream of the tRNAlike domain, to avoid identifying the functional tRNA family from which B2 SINEs are derived. The tRNA genes identified by both predictive programs were the least likely to be similar to B2 SINEs, as only 16 sequences (3.5%) predicted by both tRNAscan-SE and ARAGORN were >70% similar to the B2 SINE consensus sequence. Ninety-two tRNA genes (53%) predicted only by ARAGORN and 1,975 tRNA genes (73%) predicted only by tRNAscan-SE were similar to the B2 SINE consensus sequence. The remaining predicted tRNA genes were compared to SINEs annotated on the UCSC Genome Browser by RepeatMasker, which identified B1, B3 and ID repeat elements (Fig. 1) . Removing the SINEs from the predicted tRNA genes eliminated 97% of genes predicted by just tRNAscan-SE, 83% of genes predicted by just ARAGORN, and only 14% of the tRNA genes predicted by both programs. The high number of SINEs that were predicted by both programs indicates the close relationship between tRNAs and SINEs.
Assigning mouse tRNA genes into families
After removing the SINEs and merging the predicted tRNAs from tRNAscan-SE and ARAGORN, there are a total of 492 predicted tRNAs (Suppl. Fig. 3 ). These sequences were aligned using ClustalW and then manually sorted into families based on sequence similarity. The sequence of 440 predicted tRNA genes were highly similar to at least one other predicted tRNA gene. These were sorted into 34 tRNA families ( Fig. 2 ) representing all 20 essential amino acid anticodons. Genes encoding the 11 previously verified mouse tRNAs from the tRNA database are all included in the tRNA families. 2 The number of genes per family ranged from 2 to 38. In the Saccharomyces cerevisiae genome the number of copies of a single tRNA gene range from 1 to 16 copies. Most of these yeast tRNA gene copies have identical sequences in the mature tRNA coding regions, but this is not true with the predicted mouse genes; in fact, the sequence similarity between members of mouse tRNA families is strikingly less than the similarity between yeast tRNA family members. Most of the tRNA gene copies in the mouse genome have multiple nucleotides different among family members, even though the majority of the tRNA gene sequence is conserved (Suppl. Fig. 2 ). However, there must still be pressure to maintain sequence identity in these mouse tRNA genes, since the introns and flanking sequences of the intron-containing tRNA families diverge much more rapidly.
Over half (19) of the tRNA gene families contain genes with a single anticodon sequence (Fig.  2) . The remaining 15 tRNA families contain genes with different anticodon sequences, eight of which include either one or two `rogue' tRNA genes that have an anticodon for a different amino acid than the majority of the family members (Suppl. Fig. 2 -Ala1, Ala2, Glu1, Leu3, Lys1, Pro, Thr1, Val1). This was of concern, since "improper" charging of a tRNA relative to its anticodon would seem to be counter selected. We confirmed the sequence of several of these genes by amplifying the genomic DNA locus by PCR and directly sequencing the PCR products (data not shown).
Comparisons between mouse and human tRNA gene families
We examined the predicted tRNA genes identified by tRNAscan-SE in the human genome to see if rogue tRNA genes existed within human tRNA gene families. There are 36 tRNA families in the human genome, based on sequence similarity of the predicted human tRNA genes (Suppl. Fig. 4 ). Thirty-two of predicted human tRNA families have sequences similar to tRNA families in the mouse genome. The human Hs_Arg2, Hs_Leu3, Hs_Thr2 and Hs_Gln2 tRNA gene families do not have an identifiable ortholog in the mouse genome. Eight of the predicted human tRNA gene families contain at least one rogue tRNA gene (Hs_Ala1, Hs_Arg1, Hs_Arg2, Hs_Cys, Hs_Glu, Hs_Gly1, Hs_ Met2, Hs_Lys2), showing that the existence of rogue tRNAs is not unique to mouse. Neither the families that contains the rogue tRNA gene nor the rogue anticodons are conserved between the human and mouse genomes, indicating that the specific anticodon variants are not conserved in mammals.
Expression of predicted tRNAs
Custom microarrays were designed to test the expression of the predicted tRNA genes. RNA from mouse embryos and several different tissues were tested in case there was some substantially different pattern of expression for some families. Although most tRNAs are expressed constitutively, there are also examples in some eukaryotes where special tRNA families are transcribed in response to high demand for protein. In the silkworm Bombyx mori, an alanine tRNA is exclusively expressed in the silk gland and a glycine tRNA is overexpressed in the silk gland. 14 This tissue-specific tRNA expression allows production of the glycine and alanine-rich silk protein, fibroin. In Xenopus, an entire set of highly reiterated tRNA genes are transcribed during oogenesis as part of a process to store large quantities of translational machinery for the upcoming high protein production in developing embryos. 15 However, since the majority of tRNA studies have been performed on single cellular organisms, the possibility of tissue-specific or developmentally regulated tRNAs in mammals is largely unexplored. In humans, a subset of tRNAs have been examined for tissue specific expression of tRNA genes revealing modest variations in relative tRNA expression. 7 Total RNA from different mouse developmental stages (7 day embryo, 10-12 day embryo) and different tissues (muscle, spleen, mammary gland, brain, ovary, thymus, liver, heart) was directly fluorescently labeled and used to probe the microarrays (see Methods). Probes unique to the predicted tRNA gene or gene family whose signal was greater than 99% of the negative controls were considered to be expressed. Using these criteria, all of the predicted tRNA gene families were detected as expressed by the microarray. However, because of the sequence similarity between family members we can only conclude that some subset of the tRNA gene copies are being expressed. While no families are exclusively expressed in a particular developmental stage or tissue, there is a five-fold greater expression of tRNAs in brain and ovary relative to muscle and liver. Overall tRNA expression ranges from Brain >Ovary >Heart >10-12 day embryo >Mammary Gland >Testis >Placenta >Thymus >7 day embryo >Spleen >Skeletal Muscle >Liver.
Each tRNA family was also confirmed by probing northern blots in a subset of mouse RNA samples to complement the microarray results, ensuring the signal detected was not due to cross hybridization of another type (size) RNA transcript. We were particularly interested in confirming for the first time the expression of intron-containing families in this work (see below), but confirmed the size and expression of all of the tRNA gene families in skeletal muscle, mammary gland, placenta and 7-day embryo (Suppl. Fig. 5 ) as well as the presence of the orthologous human tRNA family in RNA from HeLa cells. The northern blot results confirmed all of the tRNA gene families that were identified and found to be expressed by microarray analysis.
The microarray analysis identified 29 `orphan' tRNA genes are also expressed in the various RNA samples. Only a single copy of these `orphan' tRNA genes are found throughout the genome. One of the 29 orphan tRNAs, tSeC(TCA)G, is a known selenocysteine tRNA, Trsp. 16 The microarray analysis detected the selenocysteine tRNA is expressed in all tissues types as well as in the 7 day and 10-12 day embryo, which is consistent with Trsp expression being essential for mouse embryogenesis. 17 In addition to selenocysteine tRNA, which has two orthologs in the human genome, the tyrosine orphan tRNA, tY(GTA)B, has at least 20 orthologs (>90% sequence similarity) in the human genome. This tRNA gene was only identified by ARAGORN in the mouse genome and none of the human orthologs are identified by tRNAscan-SE. The predicted structure of tY(GTA)B is tRNA-like and the sequences are not tagged as a repetitive element by RepeatMasker in the mouse or human genomes. However, the sequences are missing a T in the conserved TTC sequence of the B box promoter and an oligo-T sequence (T 5 ) is present in the aminoacyl acceptor stem of both the mouse and human copies of the gene, which could result in early pol III transcription termination. However, all of the probes on the microarray targeted to the mature region of tY(GTA)B gave signal well above background (data available on GEO GSE8224).
Intron-containing tRNA genes confirmed by northern blot
Introns are found in four previously uncharacterized mouse tRNA gene families: Arg3, Tyr, Leu1 and Ile2. Each of the orthologous families in the human tRNA set also contains introns. There is also a single intron containing tRNA gene in the 21-member human Pro family, which is not seen in the 22-member mouse Pro family. In S. cerevisiae there are introns in eight tRNA types: Phe, Ile, Lys, Leu, Pro, Ser, Trp and Tyr. The presence of introns in tyrosine, leucine and isoleucine tRNAs in organisms as divergent as yeast, mouse and humans might indicate that some tRNAs are more tolerant of introns than other tRNA types. Alternatively, the introns might be functional, such as the yeast tyrosine tRNA where the presence of the intron is required for proper folding of the tRNA. 18 Expression of all intron-containing mouse families was confirmed by northern blot (Fig. 5) . All of the genes in the mouse families Arg3, Ile2 and Tyr contain introns, while only four of the 12 tRNA genes in the Leu1 family contain introns (Fig. 2 ). There appears to be little selective pressure to maintain the sequences of the introns in duplicated genes relative to the greater conservation of mature tRNA sequence (Fig. 3) , although the intron sequences are more conserved than the sequences immediately upstream or downstream of the mature domain, predicted to be in the pre-tRNA primary transcript. The predicted structures of the intron containing tRNA genes are consistent with the intron location and structure in yeast (Fig. 4) . 19 However, any new intron integration strategies would probably be excluded from the computer predictions.
There are also 10 intron-containing orphan tRNAs that were detected as expressed by the microarray analysis. Multiple probes unique to the predicted tRNA sequence gave signal above the 99% confidence level based on the negative control probes. However, the predicted intron containing phenylalanine tRNA, tF(GAA)O, has a 478 nt long intron and tA(GGC)O1 has a 2nt intron. Neither of these intron lengths are consistent with intron lengths or splicing mechanism in yeast (Suppl. Fig. 6 ) and there are no identifiable orthologs in the human genome. The intron in yeast isoleucine tRNA genes is 58 nt, but the remaining yeast introns are all between 13-32 nt long. The remaining intron-containing mouse orphans include: tA(AGC)Q4, tI(TAT)G, tI(TAT)M, tL(CAA)K, tP(AGG)P, tT(TGT)E1, tT(TGT)M2 and tV(TAC)G, the four genes that are predicted by only ARAGORN are indicated with italics (Suppl. Fig. 3 ).
Materials and Methods
Identifying potential tRNA genes tRNA genes were predicted from the May 2004 release of the mouse genome using two publicly available computer programs: tRNAscan-SE and ARAGORN. 3, 8 The default settings were used with tRNAscan-SE, but ARAGORN was run with intron detection enabled. The resulting list of tRNA genes were merged based on genomic location. The tRNA genes were aligned by sequence similarity using Clustal X and then assigned to families based on high degrees of similarity. 23 A Clustal X alignment of the 5'-end of the predicted tRNA genes revealed many (1,804) predicted tRNAs were similar to the tRNA region of B2 SINEs. Comparison of predicted mouse tRNAs with the SINEs predicted by RepeatMasker, as annotated on the UCSC Genome Browser, identified additional B2 SINEs as well as Alu, B4 and ID SINEs. 24 tRNA genes that did not have at least one similar sequence were not assigned to a family and are designated `orphan' tRNA genes. The structure of intron containing tRNA gene sequences were predicted using Mfold and then refined by hand. 25 
Microarray design
Twenty probe sequences were allotted for each ncRNA prediction. Complementary DNA probes were designed to maximize spatial coverage of each predicted sequence while avoiding probes that have high self-folding potential as described previously (See 26 ) and were normalized by length (i.e., probe lengths were adjusted) to a uniform DNA-RNA melting temperature of 70°C. Probe sequences were on average 25.5 nt and were concatenated to 60 nucleotides. Probe sequences were submitted to Agilent Technologies for microarray production (Palo Alto, California). The designs included 1,000 60-mer probes of random sequence, which were used as negative controls, and 696 positive control probes tiled across U4 and U5 snRNAs and 18S and 28S rRNAs. The design is accessible at NCBIs Gene Expression Omnibus (GEO, www.ncbi.nlm.nih.gov/geo/) database under platform accession GPL5420. 27 
RNA extraction, labeling and hybridizations
Total RNAs from various mouse tissues were purchased from Ambion and Clontech. Integrity of rRNA was confirmed on 1% agarose-formaldehyde gels. 7 mg of total RNA was chemically labeled with Ulysis Alexa Fluor 546 or Ulysis Alexa Fluor 647 (Invitrogen) according to manufacturer's instructions. This protocol labels G residues, and there were no predicted RNAs that lacked G residues. 28 Samples were resuspended in 0.5 mL of hybridization buffer (1 M NaCl, 0.5% sodium sarcosine, 50 mM N-morpholino ethane sulfonate, pH 6.5, 33% formamide and 40 mg salmon sperm DNA), denatured by heating at 65°C for 5 minutes, and snap-cooled on ice prior to hybridization. Hybridizations were carried out for 16-24 h at 42°C in a rotating hybridization oven. Slides were then washed (rocking ~30 seconds in 6x SSPE, 0.005% sarcosine, then rocking ~30 seconds in 0.06x SSPE) and scanned with a 4000A microarray scanner (Axon Instruments, Union City, CA).
Microarray data processing and normalization
TIFF images were quantified with GenePix 3.0 (Axon Instruments, Union City, CA). Individual channels were spatially detrended (i.e., overall correlations between spot intensity and position on the slide removed) by high-pass filtering using 5% outliers. The individual channels were then normalized using Variance Stabilization that allows for comparison across channels. 29 All data is accessible at the GEO database under series accession GSE8224. 27 
Northern blots
Ten micrograms of RNA from each mouse tissue type was electrophoresed on an 8% polyacrlamide gel (SequaGel) and then electroblotted onto a Nytran SuperCharge membrane (Schleicher & Schuell Bioscience). Blots were probed with oligonucleotide probes to mature regions of the predicted tRNAs. In the case of genes predicted to have introns, intron probes were also used. Blots were reprobed for 5.8S ribosomal RNA (rRNA) as a loading control. The probe sequences can be found in online supplemental S_1. Blots were exposed to a phosphocapture screen, detected on a PhosphorImager (Molecular Dynamics 445 SI), and quantified with IPlab Gel software (Signal Analytics).
Conclusions
This work provides experimental confirmation of the predicted tRNAs in mouse, with comparisons to human genes that suggest conservation. It was necessary to first screen the predicted mouse tRNA genes for known SINE elements, since most of these highly repetitive sequences in most non-human vertebrates derive originally from tRNA genes. This eliminated 85% of the predictions by tRNAscan-SE and 33% from ARAGORN, although it should be noted that most of the ~900,000 tRNA-derived SINE elements are not identified by either program. Both of these programs are susceptible to identifying tRNA-derived SINE elements as functional tRNA genes, however overlapping predictions by both tRNAscan-SE and ARAGORN had the lowest likelihood of being SINEs. The predicted tRNA genes were then sorted into families based on sequence similarity. The sequence variations of mouse tRNA gene copies within families are much greater than in yeast or bacteria, but similar to human tRNA genes. 6 tRNA genes were found on every chromosome (Fig. 6 ). This is in marked contrast to ribosomal genes, which are found on only a few chromosomes. However, there are clusters of genes of tRNA genes such as the 26 Cysteine family tRNA genes located within 400,000 nt on Chromosome 6.
Analysis of the gene families identified several "rogue" tRNA genes, defined as having an anticodon for a different amino acid than the majority of the family members. In both mouse and human there are eight "rogue" tRNA genes. However, neither the anticodon nor the gene family of the rogue tRNA are conserved, the presence of rogue tRNAs in both the mouse and human genomes suggests the possibility that these tRNA genes are functional. These rogue tRNAs might facilitate anticodon variations, similar to the ambiguous intermediate hypothesis. 20, 21 The ambiguous intermediate hypothesis states that a particular codon can be made more free for the incorporation of alternative amino acids, such as selenocysteine, by weakening the fidelity between a particular codon/anticodon. This is the first extensive examination of tRNAs that are found in mouse. Northern blot analysis of the 34 tRNA gene families confirms that tRNA-sized RNAs from all predicted families are expressed in mouse skeletal muscle, mammary gland, placenta and 7-day embryo. However, because of the sequence similarity between family members we can only conclude that some subset of the members of the tRNA gene families are being expressed. There are four introncontaining tRNA gene families that are expressed in mouse. The intron-containing tRNA families are conserved between mouse and humans and similar to the intron-containing tRNA types found in yeast. It is noteworthy that the intron-containing precursors can be arranged into structures similar to the intron precursor structures found in yeast. 19 Since the structure is implicated in recognition by the tRNA splicing endonuclease, this conservation would be consistent with the conservation of the splicing machinery, SEN2 in yeast and tSEN2 in mouse. 22 The conservation of intron structures would also be consistent with any functions contributed by the introns. For example, it has been suggested that introns in certain tRNAs provide an additional driver for folding of the precursors to allow greater latitude in the permitted mature domain sequences.
In addition to the 440 mouse tRNA genes found in families, there are 23 expressed orphan tRNAs, which were found as a single gene copy. One of the orphans is the well studied selenocysteine tRNA, TRSP, while another, tY(GTA)B, has 20 orthologs in the human genome (Suppl. Fig. 7 ). This tyrosine tRNA was only identified by ARAGORN and none of the eight orthologs in the human genome have been identified in the tRNAscan-SE database for the human genome. The sequence conservation and gene copy expansion in the human genome strongly argue that this is a functional RNA. Assignment of the remaining orphan tRNA genes, including the six with predicted non-canonical introns, remains tentative at this time.
All of the mouse tRNA gene families are also found in multiple copies in the human genome, however while the number of gene copies per gene family is often similar it can vary significantly. The asparagine tRNA family has 29 gene copies in the human genome compared with only 14 in mouse. However, it is not a general trend that humans have more tRNA gene copies than mouse, as mouse families Ala2 and Lys1 contain twice as many gene copies as in humans. The presence of introns in a family also varies, as the 26-member proline family in humans contains one member that has an intron but the 22-member mouse family does not. We detected appropriate sized transcripts for each of the tRNA gene families in both mouse and human RNA samples, which indicates at least some of the gene copies are active in both organisms. The rogue tRNA genes and orphan tRNA genes in both mouse and human genomes require further study to determine whether they are active and producing functional tRNAs.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Different tRNAs and SINEs are identified by both scanning programs. tRNAscan-SE and ARAGORN identify different sequences as tRNA genes. However, the majority of the genes identified by a single program are tRNA-derived SINE elements. Mouse tRNA gene families. Mouse tRNA genes were separated into families based on sequence similarity. The number of genes within families and for any particular anticodon varies greatly. Genes that were previously identified in the Sprinzl database are marked, since their expression has been previously demonstrated. None of the intron-containing tRNA gene families were previously shown to be expressed. 1 www.trna.uni-bayreuth.de/ Predicted structure of intron-containing tRNA genes. One representative structure is shown for each of the intron-containing tRNA gene families. The anticodon position and general helixbulge-helix structure is consistent with yeast intron-containing tRNA structures. Northern blot confirmation of intron-containing tRNA genes. Northern blot analysis confirms the expression of intron-containing tRNA gene families in all mouse tissues tested. Separate panels for precursor tRNAs and mature tRNAs allow for sufficient contrast of the precursors, since precursor tRNAs exist at a small fraction of the mature levels relative to more rapidly growing organisms. Precursor sizes were consistent with the predicted intron sizes. It is not known whether the multiple bands in the mature tRNA are due to variations in "mature" domain length of family members, incomplete removal of amino acids from the 3' termini, or trimming of the 3' CCA residues. In Arg2, Ile2 and Leu1, families with both intron containing and nonintron containing tRNA genes, this method is unable to distinguish between the expression of the non-intron containing tRNA genes and matured intron containing tRNAs. While the expression levels vary between tissue types, the intron-containing tRNA gene families are ubiquitously expressed in all tissues tested. Map of tRNA gene locations in the mouse genome. Vertical lines indicate the location of verified tRNA genes throughout the mouse genome. The map illustrates the dispersed nature of tRNA genes with genes on every chromosome, compared with the ribosomal RNA gene clusters that are found on only a few chromosomes. However, there are instances of tRNA gene clustering, which appear as a thick line. One striking example of clustering is 26 of the 38 genes in the Cysteine family located within 400,000 nt on Chromosome 6 (Suppl. Fig. 3 ).
